Pyrolysis mass spectrometry (p.m.s.) was applied to differentiate 9 1 coded mycobacteria as belonging to either the 'tuberculosis complex' (M. tuberculosis, M. bovis and M . bovis BCG) or to other species of Mycobacterium. Strains were analysed in batches; in each batch three strains each of M. tuberculosis, M. bovis and M . bovis BCG were included as references. Mass spectra were evaluated by computerized multivariate analysis. A 92 % positive correlation with classical identification tests was found (2.2% false negative, 5.5 % false positive). Approaches for further improvement of this score are indicated. High speed and complete automation of sample analysis, as well as computerized data-processing, make p.m.s. a potential tool for routine application. Sample transfer from peripheral laboratories to a p.m.s. facility is easy, as samples can be sterilized before shipping.
I N T R O D U C T I O N
Identification of mycobacteria by conventional methods is a laborious and time-consuming procedure. The selection of adequate criteria as well as their evaluation by means of numerical techniques has been described for most clinically important mycobacteria Meissner et al., 1974; Saito et al., 1977; Tsukamura & Mizuno, 1977; Wayne et al., 1971 Wayne et al., , 1978 . In practice, the choice of criteria may still vary more or less from laboratory to laboratory and automation is seldom used in the final identification. Attempts have been made to design simpler (Kubica, 1973; Marks, 1976; Pattyn & Portaels, 1972) and less time-consuming and standardized (Wayne et al., , 1976 ) means of identification, especially for the separation of Mycobacterium tuberculosis and M. bovis from other mycobacteria (Coster & Manten, 1956; Gruft, 1976; Laszlo & Eidus, 1978; Marks, 1976; Tsukamura, 1970) . Provided sufficient actively multiplying bacteria are available, it is possible to identify M. tuberculosis within 2 h (i.e. by the niacin test, etc.). However, for other species, especially M. bovis, 10 d to 3 weeks are needed to get a definitive identification.
Pyrolysis mass spectrometry (p.m.s.) is a universal technique for the characterization of complex biological material (Meuzelaar et al., 1974) . The method can be defined as controlled thermal degradation in an inert environment, i.e. the vacuum of the mass spectrometer (Levy, 1966) . The reproducible degradation of originally non-volatile organic matter results in the formation of a mixture of largely volatile products (pyrolysate), suitable for analysis by mass spectrometry. The pyrolysis products are highly dependent on the composition of the starting material. Thus, the mass spectra can be used as fingerprints and give characteristic biochemical information on the samples under investigation. P.m.s. t Present address: Department of Pathology, School of Medicine, University of Utah, Salt Lake City, Utah, U.S.A.
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provides the possibility for automation and computerization of both the analysis and data-processing procedures (Meuzelaar et al., 1976) . Handling of the spectra by computer offers the possibility of applying pattern recognition procedures using multivariate analysis techniques for identification as well as for classification (Eshuis et al., 1977; Sneath & Sokal, 19 73) .
In a previous paper concerning the application of p.m.s. in microbiology , discrimination between a number of mycobacterial species was reported, and the possibility of matching 'unknown' strains with library strains was indicated.
The conventional distinction between the 'tuberculosis complex' ( M . tuberculosis, M . bovis and M. bovis BCG) and other mycobacteria is of clinical relevance. The present paper describes the application of p.m.s., using automated and computerized sample analysis and data-processing procedures, to the identification of the 'tuberculosis complex'. P.m.s. spectra can be used as an independent starting point for classification purposes; however, such a classification based on physico-chemical data does not necessarily correspond with conventional classification based on other criteria. It was for this reason that the data-processing procedure presented in this paper was developed to give a classification that simulated the classical classification.
M E T H O D S
Bacterial strains. In total, 91 test strains were selected from those received by the National Institute of Public Health (N.I.P.H.) for routine identification. Mycobacterium bovis BCG strains came from a collection of BCG strains used in laboratories throughout the world for preparation of BCG vaccines and were received through the courtesy of Dr E. Mankiewicz (Chest Hospital Center, Montreal, Canada) and Dr H. L. David (Institut Pasteur, Paris, France) (Mankiewicz & Liivak, 1971; David, 1978) .
Microbiological routine identijication. The following classical tests were used for differentiating M. tuberculosis, M. bovis and M. bovis BCG from other mycobacteria: stimulation of growth on medium containing pyruvic acid; niacin production; nitrate reduction; urease, nicotinamidase and pyrazinamidase activity; and sensitivity to thiophene-2-carboxylic acid hydrazide (TCH, 1 pg ml-I). The identification scheme is presented in Table 1 . Mycobacteria not belonging to the 'tuberculosis complex' were identified using standard methods (Kubica, 1973; Pattyn & Portaels, 1972) .
Sample preparation for p.m.s. analysis. For each strain, streak cultures were made in duplicate on standard Liiwenstein medium and incubated at 37 O C for 3 weeks. Then a small amount of growth was scraped off and emulsified in a drop of sterile, distilled water on a clean glass slide (the glass slide was cleaned for 10 min in an alkali/methanol solution). A ferromagnetic wire was turned slowly in the suspension; in this way, sufficiently reproducible amounts of bacterial mass (about 10 pg organic material) remained attached to the wires, as judged from total signal intensities. Duplicate samples were prepared from each suspension. Thus, taking into account the duplicate cultures, four samples were obtained for each strain. Each wire was then mounted in a glass sample holder (Meuzelaar et al., 1975) and sterilized in a pressure cooker for 30 min at 120 "C. After coding, the samples were stored at 4 "C and transferred from the N.I.P.H. to the F.O.M. Institute for p.m.s. analysis the next day.
Pyrolysis mass spectrometry. The p.m.s. apparatus used has been described in detail elsewhere (Meuzelaar et al., 1976) . Briefly, it consists of a fully automated system with sample changing device, capable of handling 30 samples per hour. Pyrolysis is accomplished by high frequency inductive heating of the ferromagnetic wire to the Curie temperature within 0.1 s. In this study Fe/Ni wires with Curie temperatures of 510 OC were used. The volatile products in the mixture of components were ionized by low energy (1 5 eV) electron impact. The mass range of the quadrupole mass spectrometer was 15 to 160 a.m.u. The pyrolysate was available for mass spectrometric analysis during approximately 10 s. Rapid multiple scanning of the mass spectrum and accumulation of the signal with a minicomputer in a signal averaging mode were used, and spectra were transferred to a large time-shared computer (C.D.C. 7600) for further data-processing.
Data-processing. The first step in data-processing consisted of a normalization procedure to correct for variations in sample size. Peak intensities were expressed as percentages of the total ion current. Further data-processing was carried out by multivariate analysis techniques described by Eshuis et al. (1977) . Every peak of the mass spectra was weighted by the ratio of specificity and reproducibility. Reproducibility can be estimated by calculating intra-strain deviations and includes variation due to culturing as well as sample preparation and analysis. Specificity can be estimated by calculating inter-strain deviations. This inter-to intra-strain ratio, the 'characteristicity' value, is comparable to a Fisher ratio and, to some extent, to a signal to noise ratio. After this procedure only masses with characteristicity values exceeding 1 -0 0 were used for numerical comparison of the in which X (xl, x,, . . ., x,~) and Y (yl, y,, . . ., yd0) are two spectra, x, and y, are the intensity values of the 40 peaks with highest characteristicity wI (which is a weight factor for peak i), 0, is the averaged standard deviation of peak intensity i, and d is the distance between the spectra. The distance matrix provides the most complete information about the numerical correlations between the various spectra. However, because of the large number of distance values involved it is not always easy to form a mental picture of the overall relationships. Therefore, a visual representation of the distance matrix (data points in 40-dimensional feature space) is made in the form of a two-dimensional, non-linear map. Kruskals non-linear mapping technique (Kruskal, 1964) provides the basis for this procedure. It should be noted that because of distortion produced by the non-linear mapping procedure (as indicated by the stress value), such a map is primarily used to obtain qualitative impressions about clustering tendencies. To make quantitative decisions the distance matrix values should be used.
R E S U L T S
Typical p.m.s. spectra of M. tuberculosis, M. bovis BCG and M . bovis are given in Fig. 1 . As can be seen from this figure, the differences between the 'pyrograms', indicated by arrows, are relatively small and complex. This complicates evaluation of spectra by visual inspection, especially if large series of spectra have to be analysed. For this reason, computer-assisted comparison of the spectra was used, as outlined in Methods.
As a first step, the intra-species heterogeneity of the three species was investigated, using 35 strains of M. tuberculosis, 26 strains of M . bovis BCG and 30 strains of M . bovis. The largest heterogeneity was found within M . bovis, which appeared to form a long drawn-out cluster, whereas M . tuberculosis and M . bovis BCG showed a far more homogeneous clustering. It is noteworthy that according to p.m.s. analysis M . bovis BCG appears to be biochemically closer to M. tuberculosis than to M . bovis (see Fig. 2 ). On the basis of these results representative sets of three reference strains for each of the three species were selected. For each batch of unknown strains to be identified the reference strains were cultured simultaneously with the unknown strains and treated in a similar manner. In this way possible effects of imperfect long-term reproducibility, e.g. small variations in culturing, sample preparation and analysis conditions (Windig et al., 1979) , were kept to a minimum.
To obtain a preliminary assessment of the possibility of using p.m.s. to differentiate mycobacteria of the 'tuberculosis complex' from other mycobacteria, 17 coded strains were analysed. The results of multivariate analysis of the spectra are summarized in Table 2 , in the form of an ordered distance matrix. A value on the diagonal represents the average distance between the four analyses of one strain and is indicative of the reproducibility of these analyses. Each off-diagonal value represents the average of the individual distances between the four analyses of one strain and those of the other strain that is being compared and is a measure of the differences between the two strains. The unknown strains were identified on the basis of these distance values using the following procedure. For each reference species a decisive class distance was calculated and used to classify an unknown strain as belonging to one of these classes, e.g. the 'tuberculosis complex'. The class distance values were determined by two factors. Firstly, for each reference species the average distance between the reference strains was calculated. For M . tuberculosis and M . bovis BCG the distances between all three strains were used, whereas for M . bovis only two distances, i.e. between the central and outwardly situated strains, were used in order to correct for the long drawn-out M. bovis cluster. For the data presented in Table 2 the average distance for M . tuberculosis was 13, that for M . bovis BCG was 17 and that for M . bovis was 25. These distance values accounted for the larger part of species heterogeneities. Secondly, because of the limited number of reference strains per species these distance values did not account completely for total heterogeneities. Empirically chosen multiplication factors were therefore used to correct for this shortage. In summary, each class distance value was made up of the average distance between the specific reference strains multiplied by a specific empirical factor. For the data presented in - Table 2 the resulting,class distance value for M. tuberculosis was 20, that for M. bovis BCG was 21 and that for M. bovis was 28. Simple comparison of the distance values between an unknown strain and each of the reference strains and the class distance values led to the identification as 'tuberculosis complex' or non-'tuberculosis complex', provided that an unknown strain was within the class distance of a specific reference species for at least two reference strains. It can be concluded from Table 2 that 
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bovis (according to the microbiological identification it was a strain of M. xenopi).
A visual representation of the data presented in Table 2 is shown in Fig. 2 . From this non-linear map the clustered position of the 'tuberculosis complex' is clearly seen, as well as the relative position of the other species not belonging to this group. The close relationship between M. tuberculosis and M . bovis BCG and the relatively long drawn-out M . bovis
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'il" cluster are well illustrated. Finally, the position of the M . avium (T) and M . xenopi (K) strains close to the 'tuberculosis complex' should be noted. On the basis of the distance matrix (Table  2 ) the M . avium strain was correctly differentiated from the 'tuberculosis complex', whereas the M . xenopi strain was misinterpreted as M . bovis. This may illustrate the impossibility of producing a perfect two-dimensional representation of the complex (multidimensional) relationships.
For further evaluation of the applicability of the p.m.s. method, the number of strains to be identified was extended. Results of the p.m.s. analysis of 91 coded strains are summarized in Table 3 , together with the results of the classical identification. The classical microbiological identification showed that 10 different species were represented amongst the 5 8 strains not belonging to the 'tuberculosis complex': M . kansasii (lo), M . terrae (1 l), M . avium (7), M . gordonae (8), M. gordonae var. ureolyticum (l), M . fortuitum (8), M . xenopi (4), M . gastri (2), M . scrofulaceum (2), M . marinum (1) and rapidly growing mycobacteria (4). Using the classical identification as a reference, a positive score of 92% was found. Of all strains analysed, 2.2% were false negatives and 5 . 5 % were false positives according to p.m.s. identification.
The false positive strains belonged to the species M . xenopi (3), M . avium (1) and to the rapidly growing species, M . chitae (1). The strains for which disagreement was found were re-analysed by classical methods. In all cases their identification confirmed the previous classical identification. Re-analysis of one of the M . xenopi strains by p.m.s. again resulted in a false positive identification as M . bovis. 
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One false negative strain (the Japanese BCG strain) was classically identified as M . bovis BCG, whereas the other false negative strain was classically identified as M . bovis. Re-analysis of the Japanese M . bovis BCG strain by p.m.s. resulted in a correct identification as M . bovis BCG. The misinterpreted M. bovis strain was not re-analysed by p.m.s. Re-analysis of the false negative strains by classical methods again confirmed the previous microbiological identification.
D I S C U S S I O N
During pyrolysis, splitting of large molecules into a mixture of smaller fragments occurs.
The composition of this mixture is highly dependent on the structure and relative amounts of the original molecules.
Ten of the most reliable peaks for discriminating the 'tuberculosis complex' from other Schulten & Gortz, 1978; Simmonds, 1970; Weyman, 1977) , these ionqsignals can be tentatively assigned to protein (m/e 48), carbohydrate (m/e 86, 98) and phospholipid (m/e 50, 59, 71) fragments, whereas the signals at mle 17, 3 1, 32 and 58 may have had multiple origins. Obviously, not a single substance or class of substances is responsible for the differences observed, but complex biochemical differences exist between strains of the mycobacterial species analysed. Out of 91 strains analysed, 84 were correctly classified with respect to their relationship to the 'tuberculosis complex'. Mycobacterium bovis was involved in one way or another in most of the false identifications. From the heterogeneity study, as well as from previous work by Meuzelaar et al. (1 977), it is known that M. bovis is a very heterogeneous species. The three reference strains for M . bovis, although carefully selected on the basis of the heterogeneity study, were clearly not sufficient to characterize this species adequately.
Three of the false positive scores were caused by two different M . xenopi strains. In all, this species was analysed four times and it tended to be difficult to differentiate it from the 'tuberculosis complex', in particular from M . bovis. The addition of an extra M . bovis reference strain may facilitate the identification of M . xenopi strains. In the same way the mis-identification of the M. avium strain might have been prevented. The false positive rapidly growing M . chitae strain does not pose a serious problem, because rapidly growing mycobacteria are easily detected during the culturing period.
The two false negative strains appeared in the respective distance matrices very close to the class distance values. The false negative Japanese M . bovis BCG strain analysed as a coded strain had also been analysed in the earlier heterogeneity study of M . bovis BCG and appeared in that study at the border of the cluster. The false negative M . bovis strain was not
G . W I E T E N A N D O T H E R S
re-analysed as a coded strain, neither had it been involved in the heterogeneity study of M . bovis.
Calculation of differences between pairs of spectra provided the basic data for identification. Class distances for each of the three reference species were calculated and the maximum overall difference that could be expected to exist between a reference strain and other strains belonging to the same species was estimated. It was found that heterogeneities of M . tuberculosis, M. bovis BCG and M . bovis were not equivalent and thus different class distances were used for each of the three species.
In the present study the 40 features with highest characteristicity values were routinely used for the calculation of distance matrices. All these features have ratios exceeding 1.00 and thus contribute information. However, some of these features may carry non-relevant information ('noise') concerning differences between strains not belonging to the 'tuberculosis complex', rather than information relevant to the differentiation of the 'tuberculosis complex' from other mycobacteria. Consequently, either a reduction in the number of features used for calculation or the selection of 'key features' is necessary (Wieten et al., 1980) and may lead to a more sensitive and reliable differentiation of the 'tuberculosis complex'. Preliminary studies showed that reduction of the number of features from 40 to 10 resulted in an improvement of the characteristicity of the distance matrix (Eshuis et al., 1977) and apparently in a reduction of the number of mis-identified strains.
The use of a single set of 'key features' requires good long-term reproducibility. The data discussed in this paper were collected over a period of approximately 1 year. During this period the apparatus was dismantled for cleaning and maintenance, but still the outcome of feature selection procedures of the various series of analyses showed a fair degree of correspondence. A set of seven 'key features' (namely, mle 31, 50, 58, 59,71,86 and 98) has been selected and will be used for further studies.
In conclusion, it can be stated that p.m.s. procedures show excellent promise for routine investigations of mycobacteria. At present the correspondence with the results of conventional classification may still fall somewhat short for reliable routine application. However, there are strong indications that data-processing can be improved, resulting in a reduction of the number of false negative as well as false positive strains. Furthermore, adaption of the set of reference strains may also improve the score.
The main features of the p.m.s. system are speed of analysis together with computerization up to the level of identification. Further results (G. Wieten and others, unpublished) reveal that the sterilization procedure used neither introduces any loss of reproducibility nor lowers the identification score. Therefore pathogenic samples can easily be transferred from the culturing laboratory to a central facility for p.m.s. analysis.
Finally, as shown by previous work (Eshuis et al., 1977; Meuzelaar et al., 1975; Weyman, 1977) , the use of p.m.s. is by no means restricted to the classification of mycobacteria; the technique can be applied without basic changes in many other fields of microbiology. 
